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Motor proteins play critical roles in the normal function of cells and proper development
of organisms. Among motor proteins, failings in the normal function of two types of pro-
teins, kinesin and dynein, have been shown to lead many pathologies, including neurode-
generative diseases and cancers. As such, it is critical to researchers to understand the
underlying mechanics and behaviors of these proteins, not only to shed light on how fail-
ures may lead to disease, but also to guide research toward novel treatment and nano-
engineering solutions. To this end, many experimental techniques have been developed to
measure the force and motility capabilities of these proteins. This review will (a) discuss
such techniques, specifically microscopy, atomic force microscopy (AFM), optical trap-
ping, and magnetic tweezers, and (b) the resulting nanomechanical properties of motor
protein functions such as stalling force, velocity, and dependence on adenosine triphoso-
phate (ATP) concentrations will be comparatively discussed. Additionally, this review
will highlight the clinical importance of these proteins. Furthermore, as the understand-
ing of the structure and function of motor proteins improves, novel applications are
emerging in the field. Specifically, researchers have begun to modify the structure of
existing proteins, thereby engineering novel elements to alter and improve native motor
protein function, or even allow the motor proteins to perform entirely new tasks as parts
of nanomachines. Kinesin and dynein are vital elements for the proper function of cells.
While many exciting experiments have shed light on their function, mechanics, and appli-
cations, additional research is needed to completely understand their behavior.
[DOI: 10.1115/1.4037886]

1 Introduction

Motor proteins are the molecular motors that are responsible
for transporting payloads, often referred to as cargo. The transport
mechanism of motor proteins is made possible by the power
derived from adenosine triphosophate (ATP). The cyclic hydroly-
sis of ATP allows the motor protein to repeatedly bind and unbind
to a filament, producing a step-like motion. A specific subset of
motor proteins, called cytoskeletal motor proteins, translate along
cytoskeletal filaments. Cargo transport via cytoskeletal motor pro-
teins is achieved by a mechanochemical cycle composed of cytos-
keletal filament binding, conformational change, filament release,
and conformational relaxation (Fig. 1) [1,2]. While the mechano-
chemical stepping cycles of kinesin [3] and dynein [4] have been
reviewed individually in the past decade, a review of the mechan-
ics of both kinesin and dynein as well as the related measurement
methods has not been performed. As such, this review will focus
on the techniques for measuring and implications of the force and
velocity capabilities of the cytoskeletal motor proteins kinesin and
dynein.

As both kinesin and dynein are critical to many important cell
functions, it is important to understand their mechanics. As such,
many techniques have been developed to investigate the locomo-
tion of kinesin and dynein, specifically the force they generate and
the velocity they attain. These techniques provide both fundamen-
tal information about the function of the proteins and allow
researchers to investigate how failings in the protein function
relate to clinical pathologies. Furthermore, understanding the
mechanics of cytoskeletal motor proteins not only provides

information about their native function, but also allows research-
ers to re-engineer the protein structure to improve native functions
or enable them to complete novel tasks.

2 Structure and Function

Previous reviews have discussed the structure and function of
kinesin and dynein [3,4]. However, we will provide a brief discus-
sion to serve as background. The motor proteins kinesin and
dynein exist to transport biological payloads, such as proteins,
organelles, and vesicles, along microtubule pathways, and provide
forces to drive motion of flagellar structures and cilia [5]. Active
transport by kinesin and dynein provides a faster and more effi-
cient mode of intracellular transport than diffusion. Furthermore,
large payloads may simply not translate by diffusion. As such, the
motor proteins are essential for their translocation. The microtu-
bule pathways provide direct routes for the locomotion of motor
proteins. Transport can be thought of in two forms: anterograde
transport and retrograde transport. Anterograde transport, also
known as plus-ended, refers to the transport of cargo from the cen-
ter of the cell to the periphery. Meanwhile, retrograde transport,
also known as minus-ended, refers to the transport of cargo from
the periphery to the center of the cell [6]. Kinesin motor proteins
are innately limited to unidirectional stepping, allowing for either
anterograde or retrograde transport, with most kinesins perform-
ing anterograde transport. Meanwhile, dynein is more likely to
perform retrograde transport, although dynein motor proteins are
capable of bidirectional stepping.

The kinesin superfamily (KIF) is comprised of fourteen large
families [5]. To be considered part of the superfamily group, a
motor protein must have a particular motor domain. The motor
domain specific to KIF molecules is a globular domain (Fig. 2)
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which undergoes a consistent ATP-binding and microtubule-
binding sequence to allow for locomotion, thus the transport
characteristic that makes the KIF molecules motor proteins. The
cargoes transported by kinesin bind to the motor domain. Addi-
tionally, most kinesin families include two heavy chains, two light
chains, and an elongated coiled coil. As the understanding of the
evolutionary relation of each KIF family is improved, a new

classification nomenclature is now used to distinguish the fourteen
large families. This nomenclature is simply Kinesin-1 to Kinesin-
14, and while they may have different structures, they are unified
by their motor domain [5].

Native kinesin’s motion is unidirectional [8]. The directionality
of a motor protein’s motion is related to the structural position of
the motor domain. In the case of kinesin, possible locations for

Fig. 2 A comparison of the structure of dynein and kinesin. The left-side image, modified
from Ref. [7], depicts dynein next to the globular motor domain that is consistent between all
kinesins. The binding of dynein is modulated during the ATPase cycle via primarily the AAA1
domain. On the right side is a detailed view of the kinesin motor domain (image from public
domain).

Fig. 1 The directional stepping process of kinesin (left) and dynein (right)
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the motor domain are N-terminal, C-terminal, and middle of the
molecule. In the nomenclature, these can be differentiated as N-
kinesin, C-kinesin, and M-kinesin, respectively. Functionally, the
primary difference is the direction of motion, where N-kinesin
and M-kinesin are plus-end directed while C-kinesin are minus-
end directed [5].

As with kinesin, the dynein family is identified by a specific
motor domain. Furthermore, dyneins identified to date consist of
two or three heavy chains and a variable number of light chains.
The two main branches in the dynein family are cytoplasmic
dyneins and axonemal dyneins. Cytoplasmic dyneins are found in
all eukaryotic cells. Their functional purpose is to traffic cargo
along vesicles and to localize the Golgi apparatus to the center of
the cell. Meanwhile, axonemal dyneins are specialized to create
the sliding movements of microtubules that power the beating of
cilia and flagella. Therefore, axonemal dyneins are critical to the
motility of single celled organisms. Dimensionally, dynein is the
largest molecular motor known with a molecular mass of 2 mil-
lion Da [1,6] (Fig. 2).

Kinesin and dynein have many attributes in common, both
being motor proteins dependent on microtubules and ATP to cata-
lyze a cyclic stepping motion to transport cargoes. However, there
are unique qualities of each family of motor protein. Dynein has a
larger step size than that of kinesin, making dynein a faster motor
than kinesin. Although dynein is larger and faster, kinesin is capa-
ble of transporting larger payloads. The kinesin superfamily is a
more extensive and diverse group of motor proteins, while dynein
is relatively limited with respect to number of species in the fam-
ily and the number of tasks the type of motor protein completes.

3 Experimental Methods for Motor Protein Analysis

As kinesin and dynein are critical to the normal function of
cells, it is important to understand the mechanics of these motor
proteins. To this end, researchers have implemented several meth-
ods to assess the force and motility capabilities of the proteins.
Protein motility can be tracked using microscopy techniques such
as differential interference contrast (DIC) and fluorescence
microscopy. Additionally, atomic force microscopy (AFM) is a
force-detection technique that can be modified to measured motil-
ity. While conventional AFM is not suited for imaging motility,
time-lapsed lateral molecular-force mode has been successfully
used to visualize motor protein locomotion and stall force [9]. In
combination with microscopy, force spectroscopy techniques such
as optical trapping and magnetic tweezers are used to assess motor
protein stall force [10–12]. With the wealth of knowledge that has
been gained from experimental data, mathematical models have

also been developed to predict the behavior of kinesin and dynein,
taking into account environmental conditions such as ATP
concentration.

3.1 Microscopy. Tracking the motility of kinesin has been
feasible for several decades. Kinesin was initially discovered
through the use of video-enhanced differential interference con-
trast (VE-DIC) microscopy [13] (Fig. 3(b)). By enhancing the
contrast of images and removing signal noise, VE-DIC can pro-
duce images at a much higher resolution than conventional
microscopy. Subsequently, VE-DIC was used to detect the step
size and velocity of kinesin-coated beads traveling on surface
bound microtubules [15–17]. The bead’s position was measured at
30 frames per second at a precision of 1–2 nm, allowing for subse-
quent calculation of velocity relative to ATP and step size. Addi-
tionally, DIC has been employed in a technique called centrifuge
microscopy during which the microscope stage is spun to impart
centrifugal forces on a sperm. Rotationally induced forces are
countered by surface-bound kinesin molecules. Adjusting the rota-
tional acceleration changed the movement of the sperm, giving a
force–velocity relation for kinesin [10].

While DIC microscopy was crucial to the early investigation of
kinesin, it has lost its place to fluorescence microscopy in visualiz-
ing kinesin, dynein, and/or microtubules through the use of fluo-
rescent beads [16,18,19]. Fluorescent markers to label these
proteins are quantum dots or other commercially available fluoro-
phores [20–26]. Additionally, the motility can be measured indi-
rectly by labeling microtubules, which can then be propelled by
surface bound proteins [12,27–30]. Quantum dots are useful for
measurements involving total internal reflection fluorescence
microscopy [9,20–23]. Total internal reflection fluorescence is a
highly detailed and sensitive technique in which light is totally
internally reflected at the interface of glass and buffer in order to
reduce the noise in typical measurement.

3.2 Atomic Force Microscopy. Atomic force microscopy is
a widely used technique across a broad range of disciplines for
force measurement and motility imaging at a nanometer resolu-
tion. In AFM, a microcantilever interacts with a sample, and the
deflection of the cantilever is measured via a reflected laser. This
allows calculation of the force on the cantilever. Additionally,
time-lapse measurements can provide a picture of the sample’s
motion.

Atomic force microscopy is useful for measuring the motility
and force capabilities of kinesin. Using AFM, Schaap et al. were
able to determine the step size and the velocity of kinesin [31].
They were also able to create three-dimensional representations of

Fig. 3 (a) A diagram of the optical trapping measurement technique. A bead is captured by
the focused optical trap such that either a force is applied, or the escape force (Fk) generated
by the protein to move the bead within the trap are met with a resistive force (Ft). (b) The
motion of the bead can be tacked with DIC (as shown, image from Ref. [14], CC BY 3.0) or with
fluorescent microscopy and related to the applied force.
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kinesin on a microtubule (Fig. 4). In their study, AFM was oper-
ated in dynamic tapping mode at a frequency of 7 kHz and the
feedback signal was the amplitude of oscillations. Tapping mode
as such allowed repeated scans without forcing the kinesin mole-
cules off the microtubule or damaging the cantilever.

In order to measure the stall force of motor proteins using
AFM, the technique has been modified such that the force meas-
urements are made with a cantilever that is perpendicular to the
sample. Instead of measuring reflected light, this method, known
as lateral molecular force microscopy (LMFM), measures scat-
tered evanescent electromagnetic waves [32]. This allows the can-
tilever to be manufactured on a much smaller level and be
mounted vertically over the sample rather than horizontally. In
this AFM mode, the cantilever itself is exerting force directly on
the sample, rather than indirectly through the tip. Using this tech-
nique, Scholz et al. measured the force capabilities of single kine-
sin molecules bound directly to the cantilever [9]. When kinesin
was constrained to move in a straight line along the microtubules,
the knowledge on the displacement and stiffness of the cantilever
allowed the measurements of velocity, step size, and stall force of
the kinesin [9].

3.3 Optical Trapping. Optical trapping, also referred to as
optical tweezers, is commonly used to measure forces at the cellu-
lar level and lower scales. Samples are prepared by functionaliz-
ing the surface of a bead and subsequently coating the surface
with the motor proteins or attaching a single microtubule. A sub-
strate is similarly prepared, coated with the opposite components
(i.e., microtubules or motor proteins, respectively). The optical
trap is then formed by focusing a laser at the edge of the sample,
using the resulting laser force to stall or slow the sample’s move-
ment (Fig. 3(a)). By using optical trapping alongside a motility

technique, it is possible to simultaneously measure the force and
the velocity of kinesin to find their relation. A single experiment
can provide the stall force, the unforced velocity, and the
force–velocity relationship to give a more clear understanding of
how external forces affect the motion of kinesin [18,33].

The force generated by kinesin and dynein is measured by mul-
tiplying the stiffness of the optical trap by the displacement of the
motor protein or microtubule bound bead from the trap center.
When the bead reaches a certain distance, it is observed to rapidly
snap back to the center of the trap. This snap back indicates that
the stall force has been reached, causing the protein to unbind
from the microtubule. This method has been used to find the stall
force of both kinesin [19,34] and dynein [20,25]. Alternatively,
the stall force can be determined from zero-velocity plateaus prior
to snap back [16,18,33]. In contrast to snap back studies, where
the force is increased until snap back occurs, the stall force can
also be determined by lowering the trapping force until kinesin
begins to move [10].

Optical trapping can also be directly combined with DIC
microscopy techniques to create an optical trapping interferome-
ter. Unlike most cases where the motility measurement technique
is separate from the optical trap, this method involves using the
same laser to both trap a kinesin-coated bead and allow for dis-
placement measurements using DIC due to optical polarization.
Using the same laser for measuring position and force facilitates
system alignment and do not interfere with use of DIC. As such,
optical trapping interferometry was used to measure the step size
of kinesin [16,33].

Building on the interferometry platform, constant force optical
traps have been developed, known as force clamps, which respond
to changes in the position of a kinesin-coated bead in a feedback
loop to maintain the constant applied force. Applying a constant
external force simplifies step size and isometric stall force mea-
surement, and can also be used to measure forced velocity
[33,35]. Additionally, such force clamps can be used to provide
an external force to induce stepping of the motor protein for both
kinesin [36] and dynein [27]. As expected, such external forces
applied to dynein can be used to induce bidirectional stepping.
Interestingly, the same behavior is seen for kinesin, despite it only
performing unidirectional stepping in its native environment.

3.4 Magnetic Tweezers. The magnetic tweezers method is
another single-molecule technique which connects a sample to a
magnetic bead and then moves the bead using a magnetic field.
By adjusting the force of the magnetic field, it is possible to deter-
mine aspects of the sample’s behavior such as the stall force and
the force–velocity relation in the same way as it is done with opti-
cal trapping (Fig. 5). Magnetic tweezers are unique in their ability
to rotate a sample, which cannot be accomplished in optical trap-
ping or AFM.

Magnetic tweezers have seen limited use as compared to optical
trapping, and the commercial availability of paramagnetic beads
is likely to raise the appeal of magnetic tweezers [29]. In one
application, Fallesen et al. attached a magnetic bead to a microtu-
bule, which was propelled by surface bound kinesin [12,28,29].
The magnetic tweezers were then used to manipulate the bead,
applying an external force to the microtubule. By varying the
external force, the velocity of the microtubule changes, allowing
determination of the force–velocity characteristics of the motor
proteins.

3.5 Indirect Force Measurement. In addition to the single-
molecule techniques that directly measure the forces of motor pro-
teins, these forces can be inferred indirectly. Dynein’s force has
been inferred from measuring the flagella that it drives [37–39].
For example, Schmitz et al. were able to measure the force pro-
duced by a bull sperm flagellum, and as a result, the force pro-
duced by the dynein was derived [37]. The force of a beating
sperm was found using a microprobe, and a model was developed

Fig. 4 Using AFM, the position of kinesin on a microtubule can
be visualized in three-dimensional. This functions for high con-
centrations of motor proteins (a) or for single proteins (b).
Image from Ref. [31].
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for the force of dynein. In addition to using this estimation for
their own research, they applied the same model to blue mussel
cilia force data previously reported by Yoneda in 1960 to estimate
the dynein force produced in blue mussel [40]. These indirect
methods have mostly been replaced by direct techniques, which
can precisely measure an individual motor protein.

4 Review of Motor Protein Mechanics as Measured by

Experimental Methods

A systematic review of the literature indicated that while a sub-
stantial body of work exists with relation to kinesin biomechanics,

fewer studies exist on dynein. Of the 31 papers analyzed, 24
focused on kinesin while only seven focused on dynein (see
Tables 1 and 2). Therefore, there seems to be more room for
research on mechanics of dynein family proteins.

4.1 Step Size. Extensive body of work on kinesin reveals that
the step size is consistently reported at approximately 8 nm [9,49].
The step size of kinesin matches the size of a tubulin dimer. The
step size for dynein decreases in the presence of an applied force,
with reported values ranging from 8 to 32 nm [46,47].

4.2 Stall Force. Stall force is an important mechanical prop-
erty of motor proteins as it dictates the types of loads and environ-
ments with which the protein can interact. Additionally, stall force
can be related to the velocity of the protein’s locomotion (Fig.
6(c)). One of the most common methods to measure force is opti-
cal trapping in combination with fluorescence microscopy to track
the displacement of either the payload or kinesin over time to
determine the velocity. Using optical trapping, the reported stall
forces for kinesin ranged from 4.7 to 7.5 pN. This variability in
reported values likely stems from variations in environmental con-
ditions and experimental design. For instance, the values reported
in Gagliano et al. [30] (stall force of 7 pN) differ from those found
in Schroeder et al. [19] (stall force of 5–5.3 pN). However,
Gagliano et al. inferred the velocity of kinesin based on the
motion of fluorescently labeled microtubules propelled by surface
bound kinesin in a viscous fluid environment in which they varied
the viscosity, whereas Schroeder et al. directly measured the
velocity of motor bound fluorescent beads traveling on surface
bound microtubules.

Magnetic tweezers have been used to determine the stall force
of kinesin. Fallesen et al. [12,28,29] investigated stall force by
applying a magnetic field to a bead attached to the positive end of
a microtubule. This microtubule was placed on a reversed gliding
assay where surface bound kinesin moved microtubules along the
length of the assay. This magnetic field produced a counteracting

Fig. 5 (a) Magnetic tweezers, similar to optical traps, trap a
bead which is attached to either a motor protein or a microtu-
bule. An external force (Fm) can then be applied to the bead via
a magnetic field. The effect of the force on the bead can be seen
between (b) when no magnetic field is present and (c) when the
field is applied. (b) and (c) adapted from Ref. [28].

Table 1 Values reported for kinesin motility and force generation by various techniques. Key: OT—optical trap, M—model, FM—
fluorescence microscopy, MT—magnetic tweezer, DSEC—Drosophila sequenced E. Coli, D—Drosophila, and LMFM—lateral
molecular force microscopy (see Supplementary Materials, which are available under the “Supplemental Materials” tab for this
paper on the ASME Digital Collection, for the complete table).

Paper Method Species Motor protein type Stalling Force (pN) mean 6 std. dev Unloaded velocity (nm/s) ATP concentration (mM) Temp (�C)

[18] OT Bovine Kinesin 7.2 6 1.3 600 1
OT Bovine Kinesin 7.2 6 1.3 200 0.01

[12] MT DSEC Kinesin-1 6.1 6 0.7 675 1

[9] LMFM Porcine Kinesin-1 4.0 6 0.2 460 6 80 1
LMFM Porcine Kinesin-1 4.0 6 0.2 170 6 30 0.01

[34] OT Bovine Kinesin 7.3 6 0.33 1400 1 35
OT 7.3 6 0.33 1000 1 30
OT 7.3 6 0.33 750 1 25
OT 7.3 6 0.33 550 1 20
OT 7.3 6 0.33 375 1 15

[41] OT Bovine Kinesin 6 190 1
OT 5 100 0.04
OT 5 30 0.005

[28] MT D Kinesin-1 4 660 1
[29] MT D Kinesin-1 12.2 670 1
[42] OT Squid Kinesin 5.7 6 0.4 700 2

OT Squid Kinesin 5.1 6 0.5 70 0.01

[43] OT — Kinesin-1 100 0.25 1.8
OT — Kinesin-1 5.2 6 0.2 200 0.25 11.8
OT — Kinesin-1 5.3 6 0.2 400 0.25 21.8
OT — Kinesin-1 800 0.25 31.8

[19] M — Kinesin-2 5 625
[44] M — Kinesin 7.5
[45] M — Kinesin 5 800
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Table 2 Values reported for dynein motility and force generation by various techniques. Key: OT—optical trap, M—model, FM—
fluorescence microscopy, MT—magnetic tweezer, DSEC—Drosophila sequenced E. Coli, D—Drosophila, and LMFM—lateral
molecular force microscopy (see Supplementary Materials, which are available under the “Supplemental Materials” tab for this
paper on the ASME Digital Collection, for the complete table).

Paper Method Species Motor protein type Stalling force (pN) mean 6 std. dev Unloaded velocity (nm/s) ATP concentration (mM) Temp (�C)

[46] M — Dynein 1.5 50 0.001
M — 1.5 100 0.1
M — 1.5 800 1
M — 1.5 1000 10

[21] OT Yeast Dynein 7 — 0.01
OT 7 — 0.025
OT 7 — 0.05
OT 7 — 0.1
OT 7 49 1

[47] OT Bovine Dynein 1.1 — 1
OT Bovine Dynein 0.5 — 0.4
OT Bovine Dynein 0.8 — 0.7
OT Bovine Dynein 0.25 — 0.1

[48] FM Model 1 Dynein 1.1 — 1
FM Model 2 Dynein 1.1 9.5 1
FM Model 3 Dynein 1.1 56 1
OT Rat Mammalian Dynein — 75 10 1.8
OT Rat Mammalian Dynein 1.2 6 0.1 250 10 11.8
OT Rat Mammalian Dynein — 750 10 21.8
OT Rat Mammalian Dynein 1.2 6 0.1 850 10 31.8
OT Yeast Dynein — 10 1 1.8
OT Yeast Dynein — 20 1 11.8
OT Yeast Dynein — 40 1 21.8
OT Yeast Dynein — 80 1 31.8

Fig. 6 (a) The relationship between ATP concentration and kinesin velocity as reported
across the literature (see Table 1). (b) The effect of temperature on kinesin velocity at two ATP
concentrations [34,43]. At both concentrations, the relationship is seen to follow a similar
trend. (c) Approximate force–velocity relationships adapted from the existing literature
[9,12,18,50].
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force against the kinesin generated forces. Intuitively, as the force
on the bead increased, the velocity at which the kinesin was able
to move the microtubule decreased. These studies were able to
experimentally determine how groups of kinesin molecules work
together against an opposing force, where they found that scaling
down the number of motors did not affect the force output of each
singular motor [12]. The applicability of magnetic tweezers to the
investigation of kinesin motility and force capabilities were first
demonstrated by applying the magnetic force as a square wave
from 0 to 12.2 pN (well above the accepted stall force values of
5–7 pN). At 12.2 pN, the microtubule was stalled, whereas at 0
pN, unloaded velocity of 670 nm/s was observed [29]. Addition-
ally, the behavior of many kinesin motor proteins working
together has been investigated using this magnetic tweezer gliding
assay [12]. Fluorescently labeled microtubules were sent across
varying concentrations of surface bound kinesin on a coverslip
against a magnetic force that varied from 0 to 31.4 pN. When the
magnetic force was absent, the microtubule moved at a velocity of
600–675 nm/s; however, when the magnetic force reached 31.4
pN (4.7 pN/motor), the velocity decreased to 220 nm/s. As a result
of this assay, a stall force per motor of 6.1 6 0.7 pN was
calculated [12].

Scholz et al. used LMFM [9] where microfabricated cantilevers
with a spring constant of 0.03 pN/nm recorded stall force meas-
urements for kinesin (4.0 6 0.2 pN). In this study, kinesin was
attached to the cantilever and it was allowed to move along a
microtubule. This movement created deflection in the cantilever
and at the maximum deflection of 110 6 5 nm locomotion ceased.
The associated stall force is lower than the majority of optical
trapping values. This outcome is hypothesized to be the result of
kinesin proteins interacting with the microtubules individually, as
opposed to multiple motors interacting with the microtubule as is
prevalent in optical trapping setups.

4.3 Effects of ATP Concentration on Force and Velocity.
The concentration of ATP strongly affects the velocity at which
both kinesin and dynein are capable of moving. On the other
hand, ATP concentration does not seem to have an effect on the
stall force. For kinesin and dynein, decreasing ATP concentration
results in decreased velocities. This is demonstrated for kinesin,
by Kojima et al. [18] where upon changing from 1 mM to 10 lM
of ATP the velocity drops from approximately 600 nm/s to about
225 nm/s. However, the stall force remains at approximately 7 pN.
A similar relationship of ATP concentration and velocity is shown
by Scholz et al. [9] using LMFM, where the velocity was depend-
ent on ATP concentration (at 1 mM the unloaded velocity was
460 6 80 nm/s, and at 10 lM 170 6 30 nm/s); however, the stall
forces remained unchanged at roughly 4.2 pN per motor. In the
absence of ATP, kinesin cannot move, even under externally
applied forces [20]. For unmodified kinesin at room temperature,
the effects of increasing ATP concentrations on velocity appear to
saturate at 1 mM, at which point the unloaded velocities range
from 390 to 760 nm/s (Fig. 6(a)). Increasing the concentration of
ATP beyond 1 mM has minimal effect on velocity. As with kine-
sin, dynein exhibits lower velocities in environments with lower
ATP concentrations. However, unlike kinesin, dynein has been
reported to step bidirectionally in an ATP absent environment
under an applied force. Interestingly, this effect is asymmetric,
requiring threefold greater force to initiate positive directional
stepping [20].

4.4 Effects of Temperature on Force and Velocity. Tem-
perature also affects the velocity capabilities of both kinesin and
dynein. Kawaguchi and Ishiwata [34] demonstrated that, at a fixed
ATP concentration (1 mM), temperature does not affect the force
production capability of kinesin as shown by a consistent stall
force of 7.3 6 0.33 pN, which was independent of velocity,
whereas velocity is affected by the temperature of the system with
a range of unloaded velocities of 375–1400 nm/s at 15–35 �C,

respectively. A similar relationship was observed between temper-
ature and velocity for both kinesin and dynein by Hong et al. [43]
(Fig. 6(b)). With the ATP concentration fixed at 0.25 mM, the stall
force for kinesin was found to be 5.2 6 0.2 pN with unloaded
velocities ranging from 100 to 800 nm/s at 1.8–31.8 �C, respec-
tively. While the velocities reported by Hong et al. vary from
those of Kawaguchi et al., this variation is likely due to the differ-
ences in ATP concentration. Additionally, Hong et al. investigated
the effect of temperature on the velocity of dyneins from two
sources—rat neurons and yeast. For the investigation of the
dynein from rat, the ATP concentration was held at 10 mM,
whereas a concentration of 1 mM was used for the yeast dynein.
The rat dynein had an unloaded velocity range of 75–850 nm/s at
1.8–31.8 �C, whereas the yeast dynein had a range of 10–80 nm/s
across the same temperature gradient. The rat dynein was also
shown to have a stall force of 1.2 6 0.1 pN at both 11.8 and
31.8 �C, continuing the relationship of stall force being unrelated
to the temperature of the system.

In summary, by comparing the varying methods used on kinesin
it becomes abundantly clear that the stall force, regardless of
method, falls between 4 and 7 pN. In dynein, the variance in stall
force occurs throughout the collected data; however, the most
common reported stall force lay between 1 and 1.5 pN. Mean-
while, the velocity understandably has the most variance regard-
less of the measurement technique as it has multiple variables,
such as temperature, ATP concentration, fluid viscosity, opposing
force, and payload type, that control how rapidly the kinesin or
dynein is able to move.

5 Computational Modeling of Kinesin and Dynein

Locomotion

In addition to experimental techniques, mathematical models
have been used to investigate and predict the force and motility of
kinesin and dynein. These models have been developed based on
experimental data as well as used predictively. The predictions of
these models, both standalone and from experimental values, gen-
erally agree with the experimental data. To get this accuracy, par-
ticularly with respect to velocity, the ATP concentration had to be
adequately accounted for in the models. In Ref. [51], the mechani-
cal behavior of multiple kinesin proteins working together was
investigated using a stochastic model of the mechanochemical
cycle kinesin undergoes. To do this, the model accounted for a
varying amount of ATP present in the given system among other
factors and found a stall force of approximately 6 pN per motor
and a maximum velocity of 1000 nm/s. This is remarkably close
to the stall force of 6.1 pN/motor reported by Fallesen et al. [12]
by using magnetic tweezers. The model also was able to predict
that as the load increased, synchronicity between motors also
increased.

Additionally, the relationships between force, ATP consump-
tion, and velocity in a viscoelastic environment have been investi-
gated through the use of models. For example, Holzwarth et al.
[52] developed a model, based on a Stokes-like relation to
describe force in a viscoelastic fluid, to calculate the drag force
and work required for transport of vesicles by kinesin through a
viscoelastic cytoplasm which was compared to the generally
accepted values kinesin generates in an optical trap experiment
when traveling through a buffer. With the assumption that the
drag force reduces to zero between steps, the model predicted a
motor force of 16 pN being required to generate movement at a
consumption rate of 1 6 0.7 ATP per step. This is compared to the
experimental report that 6–7 pN of force kinesin is able to gener-
ate at a consumption rate of 1 ATP per step. The differences
between the values produced by the model and the experimental
values are likely associated with many assumptions in construct-
ing the model, such as the vesicle being rigid whereas in a cell the
vesicle would be deformable. Shao and Gao [53] developed a sim-
ple theoretical model of kinesin locomotion in order to examine
the hand-over-hand motion of kinesin stepping in both forward
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and backward directions when an external load is placed on the
kinesin molecule. The model predicts the motion of both heads,
taking into account the ATP concentration and external force.
This allowed them to investigate the relationship between locomo-
tion velocity and ATP concentration to compare to experimental
values. The resulting velocity values calculated at 0.01 and 1 mM
of ATP (150 and 550 nm/s) correlate well with the experimental
values from Carter and Cross (175 and 800 nm/s) [36].

Models have also been developed to describe not only the loco-
motion, but also the behavior of kinesin. Specifically, Schroder
et al. employed a steady-state binomial statistical model to capture
the effect of the stochastic behavior of motor attachment and
detachment on track switching of a transported cargo [19]. This
model is based on experiments in which actin filaments, along
which myosin-V traveled, and microtubules, along which
Kinesin-2 traveled, were placed perpendicularly to each other.
The kinesin with a payload was then sent along the microtubule
toward the actin filament where the payload was either taken by
the myosin or kept by the kinesin to continue on its path. The
model was used to explore how initial and environmental condi-
tions affect the probability that the myosin would take the payload
from the kinesin. Such information can be used to investigate how
this switching behavior may be varied by modifying the proteins
or their environment, pointing toward possible protein engineering
applications.

Dynein locomotion has also been modeled predictively. A sim-
plified probabilistic model was done by Mukherji [54] to examine
the unidirectional motion of dynein with variable step sizes. The
model assumes dynein to be single-headed and that ATP hydroly-
sis causes the dynein to initially move by a distance of 8 nm. Val-
ues for stall force and velocity at varying ATP concentrations
were determined via the model with these assumptions in mind.
At ATP concentrations of 0.005, 0.04, and 2 mM, stall force corre-
lated with 10, 10, and 8 pN, respectively, while unloaded velocity
correlated with 19, 80, and 400 nm/s, respectively. Similarly, a
simple ratchet model developed by Bameta et al. [46] gives a
good general overview of the force velocity relationship dynein
has along with its step sizes and velocity variation with ATP con-
centration. This model allowed for two different step sizes in
response to an external force. In this case, it was shown that at
higher loads, smaller step sizes are more probable, while larger
step sizes are more likely at lower loads. This model also had a
saturated stall force value of 1.5 pN, along with an unloaded
velocity range from 50 to 1000 nm/s. These unloaded velocities
correspond to an ATP concentration range of 0.001–10 mM. In
comparison with Gennerich et al. [20], where a stall force of 7 pN
and an unloaded velocity of 49 nm/s at 1 mM of ATP concentra-
tion show the variability currently found in the understanding of
how the force velocity relationship in dynein works.

6 Associations Between Motor Protein Functions and

Disease Processes

Many neurodegenerative diseases, and some cancers, have been
directly linked to the inability of kinesin or dynein to complete
their primary function of cargo transport. This failure may be
attributed to a dysfunction in the motor protein or a structural
defect in the microtubules they walk on to transfer their cargo. In
the case of motor protein dysfunction, there is a deficit in the abil-
ity to complete one or both of its major functions (i.e., transporta-
tion of cargo through the cytoplasm via microtubules or
organization of the mitotic spindle [55]). On the other hand,
defects arise during the polymerization process that occurs during
the formation of microtubules [56]. Potential microtubule defects
include missing dimer units in the tubule as well as an inconsistent
number of protofilaments. As the role of a microtubule is to pro-
vide a pathway for the motor proteins to travel along, such defects
prevent the motor proteins from being able to locomote [57]. Dis-
ruption of either of these functions can result in a cascade of
downstream defects. These include failure of cargo trafficking

over long distances, function of cilia and flagella due to improper
formation during development, resistance to pathogens, elimina-
tion of environmental toxins, and negative feedback of cell prolif-
eration [55].

The downstream defects resulting from motor protein dysfunc-
tion show themselves symptomatically in the form of diseases.
For example, long-distance trafficking is crucial to axonal trans-
port. Specifically, KIF1B is instrumental in the transport of synap-
tic precursors. Additionally, the transport of cargoes such as
peroxisomes, neurofilaments, and Golgi-derived vesicles into neu-
rites such as axons and dendrites is prevented [58]. Processes such
as these need motor proteins for transport, as diffusion lacks the
necessary efficiency. Interruptions of long-distance transport
result in neurodegenerative diseases such as ALS and Alzheimer’s
disease [55]. Additionally, ineffective function of cilia and flagella
is related to a variety of diseases depending on the species of cilia
that are defective. This can materialize in the form of polycystic
kidney disease, due to the lack of retrograde transport, or laterally
inverted positioning of organs resulting from improper develop-
ment of a fetus in utero, among other symptoms [6]. Another
adverse effect of poorly functioning microtubule motor proteins is
the interruption of the cell replication cycle, namely the negative
feedback loop. This lack of feedback will allow cells to reproduce
at an unusually high rate, which has been linked to cancer [59].

Although microtubule polymerization in cells is closely regu-
lated, defects in the microtubule structure may occur as confirmed
by scanning force microscopy, cryo-electron microscopy, and
mechanical measurements [56]. Microtubule defects can cause a
wide range of physiological conditions including Alzheimer’s dis-
ease, frontotemporal dementia, respiratory dysfunction, abnormal
cilia beating, motor neuropathy, lower motor neuron disease
(which plays a role in amyotrophic lateral sclerosis), axonal neu-
ronopathy, hereditary motor sensory disease, and autosomal domi-
nant spastic paraplegia [60]. The extent to which microtubule
defects affect motor protein locomotion has been investigated
in vitro [57]. Liang et al. observed the locomotion of kinesin-
coated beads along defect ridden microtubules. They varied the
number of kinesin proteins coating the bead, as well as the number
of defects in the microtubule, and found that the magnitude of the
impact of microtubule defects was related to both the number of
motor proteins and number of microtubule defects. However, the
number of microtubule defects was found to be more impactful.
In essence, the larger the number of defects formed during the
polymerization process, the more likely an interruption of trans-
port would occur [57].

7 Engineered Proteins

Bioengineering aims to use components of existing biological
systems and synthetically alters them to better meet a need or
serve a purpose. The concept of bioengineering can be applied to
motor proteins to obtain nanomachines in which kinesin and
dynein would be indispensable components. Kinesin and dynein
are particularly interesting, as they are highly specialized motor
proteins and have relatively high motility and tunability [61]. The
re-engineering of the motor protein can serve to improve the con-
trol over the locomotion parameters such as speed, direction, pho-
tosensitivity, chemical sensitivity, cargo size, and protein size
[61]. Modification of these parameters allows motor proteins to
better perform native tasks or be used for completely novel
applications.

Engineering of motor proteins can be separated into two catego-
ries. First is to use many of the existing motor proteins to act as a
motor for a nanodevice [2]. Second is the alteration of the protein
itself to add or take away components so the new motor protein
can transport a larger payload more efficiently [2]. In either sense,
the motor proteins are serving an alternative purpose after altera-
tions are made to their natural structure.

Regardless of the end purpose, engineered motor proteins typi-
cally are comprised of three major components: the functional
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elements, the platform, and the motors themselves [2] (Fig. 7).
The functional elements are the components that interface with
the cargo and are task specific. The scaffolding platform is a con-
nector between the functional element and the motor protein, and
it merges the two elements and allows them to become part of one
system. The motors are the proteins themselves, selected based on
the end need being addressed.

One venue of engineering motor proteins is the use of natural
motor proteins as a motor for a nanodevice. The most common
example of these nanodevices is the creation of molecular shuttles
that function as analyte identifiers or analyte concentrators in a
microfluidic chip system [50,62–64]. Nanodevices operating
based on the principle of motility assays are integrated where
kinesin or dynein are immobilized as “feet” to move microtubules
along a desired path. This movement of microtubules along pat-
terned tracks or filaments allows for the analyte capture and iden-
tification process to happen [50,62,63]. The propelled filaments
can be used to sort and transport a wide range of cargo from stand-
ard microtubules to ones coated in proteins or antibodies for anal-
ysis [50]. So as to achieve this outcome, antibodies can be bound
to the filaments allowing the molecular shuttles to selectively bind
specific proteins [65] or even viral remnants [66], from the sur-
rounding solutions [64]. Although microfluidic chip systems and
motility assays are the most common examples of natural motor
proteins being used in nanodevices, many theories for future
applications also exist throughout literature. For example, motor
proteins could be used to drive rotary devices, to improve immu-
noassays, such as an enzyme-linked immunosorbent assay, which
are commonly used to analyze biological samples, or the creation
of a micro- or nanoscale assembly line system [50,62–64].

In other cases, a simple addition to the protein allows for
increased control over the normal function of the protein, essen-
tially allowing the experimenter to direct the motor protein rather
than alter the function itself [61]. These controls can be mechano-
chemical [61,67] or, in other cases, optogenetic [61,68]. At times,
the type of preferred control mechanisms can depend on the appli-
cation and what other factors are at play, so the larger system is
not impacted with the use of the control mechanism. Mechano-
chemical controls are linked to the sensitivity of a motor protein
to calcium, an ion naturally appearing in the body. Experimenters
are able to increase the calcium sensitivity in kinesin, allowing for
an increase in motility and changing the direction of locomotion
[61]. For example, researchers have modified kinesin, to create
molecular motors with Ca2þ controllable motility, by fusing two
monomeric kinesins to a M13 peptide and a CaM dimer [67]. This

allows Ca2þ on–off control, essentially creating a Ca2þ dependent
accelerator and brake system. Optical controls can be used to trig-
ger motor protein locomotion upon exposure to light of a specific
wavelength range. The photosensitivity is not necessarily that of
the kinesin, but that of the molecules that induce the release of
ATP binding. As the locomotion of motor proteins is a mechano-
chemical process, the chemical processes are tools to influence
the mechanical output. Specific to kinesin, photochromic sub-
strates can be integrated into the motor domain. This impacts the
mechanical capabilities of kinesin upon exposure to UV light, as
the activity of ATPase becomes limited. The regulation of this
chemical process then controls the mechanical activity of the
motor protein [59].

There are a number of additional examples of modifications to
motor proteins in order to vary locomotion in vitro. Dynein, which
natively moves along microtubules, has instead been engineered
to move along actin filaments. Dynein has a larger, more modular
structure than other motor proteins, enabling a modular engineer-
ing approach wherein the dynein motor domain can be coupled
with actin-binding proteins [69]. Additionally, external modifica-
tions can be applied to dynein using DNA origami to create a
chassis that can bind to a variable number of dynein proteins. This
chassis can be produced with varying rigidities and allows cou-
pling of multiple motor proteins. Varying the rigidity of the engi-
neered chassis revealed that the collective locomotion of dynein
exhibits cargo rigidity-dependent velocity [70]. Furthermore,
motor proteins have also been modified to perform non-native
functions in cells in vitro. Taking inspiration from viral behavior
in which viruses hijack cytoskeletal motor proteins for transport
to the nucleus, Toledo et al. modified the dynein light chain LC8
to fuse it to the DNA binding domain 4. Such modification
enabled dynein to aid in nonviral transfection [71]. These devices
lay the foundation for future in vitro cellular and in vivo research.
By using external stimuli to modify the motor protein, intracellu-
lar processes could be changed in response. A more detailed
review of these engineered motor proteins has been provided by
DelRosso et al. [61].

The engineering techniques presented here allow for the limita-
tions innate to the motor proteins to be synthetically eliminated.
Moving forward, as the techniques are further explored, the repur-
posing of the motor proteins will become more precise. Many of
the experiments run to evaluate the impact of parameters such as
light exposure and calcium ion concentration have been explored
in vitro. In order to transition these engineered proteins to clinical
applications, the effects of such changes in vivo must be
investigated.

8 Conclusions

While many interesting studies have delved into the mechanics
of kinesin and dynein, there remains ample room for study. For
instance, in conducting this review the lack of mechanical analysis
that has been performed on dynein became increasingly clear.
This drought of information also sheds some light on the volatility
of the reported values, where the force required to stall dynein
ranged from 12 pN to 0.25 pN. These intensive gaps signal a need
for more research to be done to better understand the forces and
movements that dynein is capable of generating in different envi-
ronments and ATP concentrations.

In addition to further research being conducted on both kinesin
and dynein, the methods used to measure force and velocity can
also be expanded upon and improved. For instance, LMFM is not
commonly utilized due to difficulties in fabricating nanoscale
microcantilevers. However, its ability to effectively measure the
stall force and velocity, when combined with a displacement
tracking method, of a single molecule provides significant insight
into the single molecule mechanics of both kinesin and dynein.
This advantage over optical trapping, where protein bound beads
impeded the motor protein’s motion, is worth investigating and
developing. Single molecule mechanics as well as group

Fig. 7 Engineered motor proteins offer exciting new possibil-
ities in research and clinical applications. By modifying an
existing motor protein, researchers can generate new struc-
tures capable of performing novel tasks or improving native
protein function.
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mechanics of these motor proteins would not only give insight
into their natural functions, but also inform methods for research-
ers that are investigating re-engineering these proteins.

Beyond research into the basic functions of these motor pro-
teins, recent developments allow researchers to fundamentally
change the function or behavior of the proteins themselves. This
opens an exciting realm of research ventures in which, by modify-
ing the very structure of the motor proteins, clinical pathologies
may be corrected or novel bio-nanotechnological devices devel-
oped capable of functioning within cells themselves.
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